Abstract An economic and fusion-relevant source of high-energy neutrons is an essential element in the fusion nuclear technology and development program. This source can be generated by directing a high energy (30)(31)(32)(33)(34)(35)(36)(37)(38)(39)(40) MeV) deuteron beam onto a flowing liquid lithium target, producing neutrons via the Deuterium-Lithium (D-Li) stripping reaction. Previous work on this kind of source concentrated on a design employing one 1 0 0 " deuteron beam. This design was shown to have a relatively small testing volume with high flux gradients. A design using two 250-mA beams on two lithium targets has been proposed to maximize the test volume while minimizing the flux gradients. A spatial, energy, and angle dependent neutron source modeling the D-Li reaction was used to provide a Idimensional map of uncollided flux within the test volume. An optimization of the uncollided flux showed that -8 liters of test volume with uncollided fluxes of 1014 n/cm2/s is available with flux gradients <10%/cm. The collided flux within the test volume was then determined by coupling the source model with a Monte Carlo computation. The spectral effect of the high-energy tail was evaluated as to possible impact on materials response. Calculations comparing the radiation damage to materials from the D-Li source to that caused by a standard DT fusion first-wall neutron flux spectrum show that the He and dpa production, as well as the ratio Heldpa and dpa/MW/m2 are within 30% for the two sources.
I. Introduction
A fusion neutron source will provide key experimental and design relevant information necessary to meet the goals of the fusion technology and development program. Previous work on this test source has been concentrated on a high energy (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) MeV) deuteron beam impinging upon a flowing liquid-lithium target, utilizing the D-Li stripping reaction [l] . The major drawback of that design was the relatively small testing volume (about 1-2 liters with uncollided neutron fluxes above 1014 n/cm2/s) and high neutron flux gradients.
Furthermore, questions were raised as to the magnitude and impact of the high-energy (above 14 MeV) neutrons generated in this approach.
A n alternative design that addresses the first concern has recently been proposed [2] .
The original Fusion Materials Irradiation Test (FMIT) facility used a single 1WmA beam incident on a single lithium target [l] . The improved D-Li scheme [2] used two deuteron beams incident at right angles on two lithium targets; this configuration is shown in Fig. 1131 . The reference beam current is 250-mA on each target, which significantly increasing the available high-flux materials-test volume. Figure 1 illustrates the target and test region, showing the two lithium jets oriented at right angles and spaced about 10 cm from their common vertex. The viewing position in Fig. 1 is outside the shield wall, midway between the deuteron beams, and above the horizontal midplane. The lithium in each target flows into a jet-forming nozzle through a flow straightener to eliminate large scale turbulence. A 1.9-cm-thick liquid-lithium jet exits the nozzle and flows along a curved thin (0.16 cm) steel wall, with its free surface exposed to the incident deuteron beam. The 3 I M e V deuterons (nominal beam size 6x10 cm) are completely stopped in the lithium, and most of their energy is deposited in the jet. The centrifugal force introduced by the curved flow path (concave towards the beam) increases the internal pressure sufficiently in the jet to prevent local boiling at the point where the peak energy deposition occurs [l, 2,3]. The purpose of previous studies [2, 31 was to optimize the neutronics performance of the two-targethwo-beam concept with respect to target geometry, deuteron beam characteristics, and thermal-hydraulics requirements. The neutronics related results of these studies [2, 31 were based on estimations of the uncollided neutron flux within the test volume. The next step in the evaluation of the neutronics performance of the D-Li source involves estimates for the fully transported neutron flux and subsequent calculation of appropriate materials response functions.
The neutron source spectrum for the D-Li reactions includes contributions from the stripping reaction, the formation of a compound nucleus and other nuclear reactions. A spatial, energy-and angle-dependent neutron source model was developed with the methods presented in Sec. I1 of this work.
Section 111 presents the results of an analysis that maximizes the available test volume at given uncollided flux levels. In Sec. IV, the detailed neutron-source model is coupled with a Monte Carlo code (MCNP) [4] to provide an energy-dependent point-wise collided neutron flux spectrum within the test volume. Materials response functions are subsequently estimated using the fully transported flux, and comparisons are made with a typical DT fusion first-wall spectrum. Conclusions are given in Sec. V.
Source Descriotion
The neutron yield for a 35-MeV D+ beam incident on a thick Li target is shown in Fig. 2 . deuterons (> 100 MeV) and probably is not accurate for deuterons in the CL35 MeV energy range. The highly forward peaked behavior of the yield dictates that the source be modeled with a fine angular structure. Also, the forward yield depends strongly on the deuteron energy in the target, which in turn depends on the penetration distance of the beam into the target. Consequentially, to model the source accurately, the source must be described with three variables: distance into the target, x, angle from the beam axis, 9, and neutron energy, E,,. The source was modeled using a beam energy decrement, A&, corresponding to each 1 mm of target penetration, A9=25O, and A%=2 MeV. The continuousenergy/continuous-angle Monte Carlo code, MCNP, was used to model neutron transport for the following reasons:
(1). The highly angular source dependence would lead to an excessively complex quadrature set in a 2 d or 3-d discrete ordinates code.
(2) The high energy (< 100 MeV) cross sections for the proposed test cell materials have been developed for MCNP and benchmarked [71 Under current limitations within MCNP [4l, the source must be modeled with one level of dependence; that is the dependent variables in the source must depend directly on an independent variable. However, the D-Li source has two levels of dependency: the neutron energy, E,j, depends on the angle, 9, which in turn depends on the independent variable, x. To accommodate the D-Li source, a special version of MCNP was developed Furthermore, because of the detailed nature of the source and the resulting size of the MCNP input file, a code was written to produce the MCNP input file for a given beam geometry and energy. This code provides for biasing the angle, the neutron energy, and the spatial parameters of the source. In particular, the y and z spatial dependence of the source (beam cross section) was modeled with -1Joo points. The resulting Neutron yield for 35-MeV deuterons incident on a source is described by millions of discrete probability bins. Therefore, the MCNP computer runs had to be done with millions of source particles to sample adequately the source.
Uncollided flux Results
The detailed source model presented in Sec. I1 was used to obtain a point-wise uncollided flux for the two-targetkwobeam configuration within a cubic test cell having a 64 liter volume. By varying the spacing between the targets, the analysis was repeated for various target configurations to maximize the available testing volume at specific uncollided flux levels.
The calculated test volume is plotted versus the volumeaveraged uncollided neutron flux in Fig. 3 for target separations of 10 cm and 20 cm, where the target separation ,x& is defined as the distance in the x-y plane (Fig. 1) of each beam centerline from their common vertex. The minimum value of uncollided flux within the same volume was also calculated, and was found to be lower than the volume-averaged uncollided flux values by factors of 2-3.
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10 I6 10 Figure 3 also shows that the target separation has little effect on the experimental volume at specific volume averaged uncollided flux levels.
In general, increasing the target separation slightly increases the available testing volume exposed to low-to-medium fluxes, at the expense of decreasing the volume at high fluxes ( >lou n/cm2/s). Consequentially, the determining factor in fixing the target separation is the radiation damage on one target because of the other. The "reference design" has the two targets spaced U) cm from their common vertex, with each beam carrying 250-mA. 
IV. Neutron Transwrt Results
The detailed neutron source model described in Sec. I1 was coupled with a Monte Carlo code, MCNP, to evaluate the fully transported flux within the test cell. A potentially serious problem with this coupling is that the cross-section data implemented in the latest MCNP version are based on ENDF-B/V evaluated data and extend to neutron energies of up to 20 MeV only. The neutrons produced from the D-Li reaction, however, have energies as high as 50 MeV. For this reason, a modified version of MCNP was used [7J that includes crosssection libraries with data up to 100 MeV for some materials (including H, 0 and Fe).
The MCNP analysis used a geometric simulation closely resembling the arrangement shown in Fig. 1 . The test region is simulated with a 40-cm cube of a homogeneous material containing 50% (volume) iron, WO (volume) water and 20% (volume) void. The collided flux estimates were determined by computing volume-averaged fluxes in small test volumes at various positions within the test-cell region. The average meanfree-path of the neutrons in the test-cell material is -3-4 cm. The size of a side of the cubic test volumes was chosen to be approximately one-half of a mean free path (2 cm). The complete test cell is a cube 40 cm on a side. Consequentially, -10 mean-free-paths exist between the target back wall and the last point in the test cell where flux is calculated. The 40-cm volume was divided into twenty cubic cells. The collided flux In each cell was estimated in twenty-five 2 MeV intervals starting at zero MeV. In an effort to improve the uncertainties in the estimated flux, the cell importances were chosen so that the total neutron population in each cell was held constant. The modified MCNP version used for thcse calculations [7] includes neutron cross sections up to 100 MeV for selected materials. In addition, the specially developcd source dependence discussed in Sec. I1 is included. The greatest contribution of the high-energy tail in the D-Li reaction spectrum will be in the forward direction and will peak along the beam centerline.
A. Effect of Hieh Enerev
The collided neutron flux at 20 points (every 2 cm) along the beam centerline (x-direction) was calculated with both MCNP versions [4, 71, to 
B. Comoarison of D-Li and standard fusion DT neutron spectra.
For a given unit neutron flux, the materials response functions can vary widely, depending on the energy-differential flux spectrum. Accordingly, the resulting damage produced by a unit flux will be a function of the shape of the spectrum. Consequentially, a comparison between the D-Li source spectrum and a 14 MeV DT spectrum is made. The energy dependent collided flux was calculated at points within the test cell along the centerline of the beam, and all results were normalized to the same total flux.
Neutron spectra were estimated for three different cascs: (1) a monoenergetic 14-MeV neutron source; (2) the spectrum from the D-Li source as estimated from the uncollided-flux analysis; and (3) the fully transported flux from the D-Li source. Figures. 6A and 6B show the results of these calculations at distances of 1 cm and 20 cm within the test specimen, respectively.
The results shown in Fig. 6A indicate behavior close to the source, since they are calculated at a point that is separated from the source by only the target back wall. The 14-MeV spectrum exhibits a pronounced peak at 14 MeV. Also, little difference between the D-Li source collided and uncollided spectra is shown, implying little backscattering. The effect of these spectral differences on the materials response functions is described below.
The results shown in Fig. 6B exhibit the same general behavior, although the 14-MeV peak is not pronounced, and the difference between the uncollided and the fully transported flux for the D-Li source is greater at the low energies. A similar analysis using MCNP was performed for the original FMIT design [8] , without the use of high-energy cross sections. As with the present work, the results from that analysis indicated only small differences between the uncollided and the fully transported flux from the D-Li source. Therefore, using the uncollided flux to estimate available testing volumes, as was done in Sec. 111 and in previous studies [2, 31, will yield a good estimate of the collided flux.
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40 60 Neutron Energy (MeV) Figure 6A . Neutron flux spectrum comparison betwecn a monoenergetic 14-MeV source and the D-Li source 1 cm away from the target back wall and within the test specimen.
C. Materials reswnse functions.
Since the D-Li source will test materials for qualification in future fusion devices, it is prudent to compare the damage to materials with that from a DT fusion first-wall neutron spectrum. For this analysis the results shown in Figs. 6A and GB are used.
A critical issue for this comparison is the choice of the testing material. The test specimen was based on iron, sincc thc high-energy cross sections for that material were available in the modified version [7] of MCNP that was utilized. However, the damage cross section data for iron are not fully known at high energies. Since such data exist for copper [3] to energies as high as 50 MeV, the damage analysis used copper. Based on a comparison of the copper and iron cross sections, the transported flux in a copper-based test specimen is expected to be similar to that of an iron-based specimen. Consequentially, little error is introduced in substituting the flux transported in iron for the flux transported in copper. Table I summarizes the results for the damage to copper as determined at two positions within the test cell: 1 cm away and 20 cm away from the target back-wall, along the beam centerline. Table I indicates that although the two source spectra are different, the damage to materials is similar. Because the test locations reported in Table I represent points along the beam centerline, these points will reflect the maximum differences in the two source spectra. Moreover, if the uncertainties related to cross-sections, computer codes, and exact irradiation scenarios are taken into account, it can be concluded that the damage to a material exposed to a fusion first-wall/blanket neutron spectrum can be well simulated with a D-Li based testing facility.
V. Conclusions
Neutronics analysis for a two-targetltwo-beam neutron source based on the D-Li reaction was presented. A detailed spatial, energy and angle dependent neutron source model was developed, which accounts for the contributions of all reactions involved in the D-Li reaction process. The model was used to optimize the available testing volume at specific uncollided flux levels, by examining a range of beadtarget configurations. It was observed that the target separation has little effect on the available experimental volume at a given flux. Testing volumes of a few tens of liters are available with volume-averaged uncollided flux levels above 1014 n/cmZ/s. There are -8 liters of test volume having uncollided fluxes of 1014 n/cm2/s with clG%/cm flux gradients. The same source model was subsequently coupled with a Monte Carlo code (MCNP) to estimate the fully transported flux spectrum within the test cell. This spectrum is somewhat different from that expected in a typical DT fusion first walllblanket. However, the results indicated that the damage to materials from the D-Li source, at least as measured bu dpa and He appm will be similar to that of the typical D T source. The number of appm and dpa, as well as the ratio appm/dpa and dpa/MW/m are within 30% for the two sources. It is noted that the points examined in this study lie in the test cell along the beam centerline, and were expected to yield the maximum differences between the two sources. It can then be reasonably concluded that the two-target, high-beam current D-Li source is a technologically and economically attractive candidate as a fusion materials irradiation and technology testing source.
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